Abstract. To evaluate the nutritional challenge faced by molting penguins we studied the composition of contour feathers of three species of penguins, Pygoscelis adeliae, P. antarctica, and P. papwl. The feathers of these species are nearly identical in structure and chemical composition. They have a unique broad, flat rachis that accounts for 60 to 70% of the total feather mass. Their barbules are pemaceous and able to interlock tightly, which probably accounts for the shedding of plumage in sheets rather than as individual feathers. Compositionally, the penguin feathers are remarkably similar to feathers of other species of birds representing six different orders and varied life-styles. Whole penguin feathers averaged 8-10% water. Ash contents of P. adeliae and P. antarctica feathers averaged less than l%, but P. Papua averaged 2.6%. The nitrogen contents of the barbs were nearly identical in the three species and averaged 16.4%. The nitrogen content of the rachises of P. adeliae and P. antarctica feathers averaged 16.496, but was slightly less in P. Papua (15.5%), probably due to the higher ash content and slightly higher pigment content in this species. The most abundant amino acids in barbs and rachises were gly, pro, ser, cyslf, val, and leu. Six nonessential amino acids (ala, asp, glu, gly, pro, ser) made up 52.5 and 54.3% of the barbs and rachises, respectively. The basic amino acids (lys, his, arg) were among tlte least concentrated amino acids. This amino acid profile is typical of mixed feather keratins. The high cys/2 contents of feather proteins results in a large mismatch between nonkeratinous mixed tissue proteins and feathers that could result in highly inefficient reutilization of tissue amino acids in feather synthesis during the molt fast. Some compensatory mechanisms that penguins might use to minimize this inefficiency are discussed.
. All the aforementioned studies involved animals that normally feed when regenerating their integument. In penguins, which fast during much of the molt, the effect of the cystine mismatch between feathers and other body tissues has received surpris-I9131 ET AL. ingly little attention. All of the energy, amino miralty Bay, Ring George Island, in mid-Febacids, and other nutrients that are required for ruary. To prepare specimens for chemical analfeather growth during the molt fast as well as ysis and scanning electron microscopy (SEM) we other functions must be derived from catabolism washed subsamples of the feathers of each speof the penguin' s tissues. Any significant misties in neutral detergent solution, 95% ethanol, match between the essential amino acid profiles and diethyl ether (Harrap and Woods 1964). For of feathers and of other tissue proteins will result SEM we mounted trimmed sections of air-dried in inefficient reutilization of amino acids in the feathers on aluminum stubs, sputter-coated them production of the plumage and will require sig-with ca. 30 nm of gold (Technics, Hummer), and nificantly greater storage of body protein before examined them at 20 kV in an ETEC U-l authe onset of molt to meet the demands of feather toscan scanning electron microscope. synthesis. The inefficient use of tissue proteins For chemical analyses we fbst oven-dried samin meeting the demands of feather synthesis would ples of barbs and rachises from each species, then also require higher rates of catabolism of free measured the nitrogen content of some by the amino acids because large quantities of free amimicro-Kjeldahl method (Horwitz 1980) and the no acids cannot be stored in the body. Conse-ash content of others by combustion in a muffle quently, much higher rates of nitrogen excretion furnace (3 hr, 600°C). We measured the amino would need to be sustained during the molt fast acid composition of hydrolysates of oven-dried than if fat were catabolized to supply most of the samples by use of a Beckman model 121 MB energy required and amino acids were efficiently ion-exchange chromatograph (Bioanalytical reutilized in protein synthesis (e.g., Ackerson and Laboratory, Washington State University). We Blish 1926).
hydrolyzed ca. lo-mg samples of each feather We recently reported that molting birds may part in 6 N HCl for 20 hr, vacuum-dried the rely on tissue glutathione (a cysteine-containing solutions, and redissolved the residues in sodium tripeptide) as a cysteine reservoir that may improve the efficiency with which tissue proteins are used in sustaining feather synthesis during the overnight fast (Murphy and Ring 1985,199O) . We hypothesize that this and similar storage mechanisms may be even more important to birds such as penguins that fast throughout much of the molt. Before undertaking studies of specialized amino acids storage by molting penguins, however, we thought it prudent to define citrate buffer (pH 2.2). We measured the concentration of cyst(e)ine (reported herein as cystine/2) in parallel as cysteic acid after oxidation with performic acid (Schram et al. 1954 ).
RESULTS AND DISCUSSION

FZATHER STRUCTURE
As first reported by Chandler (19 16), the rachises of penguin contour feathers are conspicuously the composition of their feathers (total protein, broader than the rachises of the contour feathers amino acids, ash) and evaluate the potential ex-of all other groups of birds. The penguin rachis tent of the mismatch between feathers and other (including calamus) dominates the mass of the tissue proteins. The amino acid composition of contour feather, comprising 60 to 70% of the the mixed proteins of adult contour feathers has total mass (Table 1 ). In contrast, the rachis plus been reported for a "penguin" (either Pygoscelis calamus comprises only about 20% of the mass adeliaeor Aptenodytesforsteri, or a blend of both: of contour feathers in birds such as the WhiteBrush and Wyld 1982) and roughly resembles crowned Sparrow, Zonotrichia leucophrys gamthe composition reported for feathers of other belii (Ring and Murphy 1987). We are confident species. In this account we describe the chemical that the very high rachis-to-barb mass ratio that composition and the structure of feather parts in we found in penguin feathers is not an artifact three species of penguins and discuss some of the of differential wear of the barbs, since these feathmetabolic implications of depending solely on ers were almost indistinguishable by SEM from body reserves to support keratin synthesis.
MATERIALS AND METHODS feathers newly grown by penguins of the same species at Hubbs Sea World Research Institute.
A very broad flat rachis appears to be a charWe collected large samples of breast feathers from acteristic unique to penguin feathers. Stettenmolting penguins, P. adeliae (Adelie), P. Papua heim (1976) suggested that such a rachis and the (Gentoo), and P. antarctica (Chinstrap), at Adspacing of barbs are adaptations for swimming feather, microscopic differences may also conRange is giVen in ~~*_, 2 Percentage calculated by di5mnce. Washed air-dried penguin breast feathers contained 8-10% water. The barbs, as might be expected from their greater surface/mass ratio, contained a significantly (P < 0.00 1 by t-test) larger proportion of water than the rachis, although the difference was small (Table 2) . Unwashed airdried feathers (n = 6) contained 10.0 f 0.45% water, or ca. l-2% more than the washed feathers. Washing thus obviates a small but appreciable error in estimating the true dry mass of the feathers.
The dried barbs of all three penguin species contained an average 16.6% nitrogen. Rachises of feathers from P. adeliae and P. antarctica likewise contained an average 16.4% nitrogen, but rachises from feathers of P. papua contained only 15.5% nitrogen ( Table 2 ). The differing ash content of the dried feathers appears to account for the difference of nitrogen content between P. Papua and its two congeners. The feathers of P. adeliae and P. antarctica, like those of Whitecrowned Sparrows, contain less than 1% ash by dry mass, whereas P. Papua feathers contain 2.6% ash (Table 2). We suspect that these differing ash contents are related to the differing diets of these penguins. They all subsist primarily on one eu- cision was very good, as judged by the close agreement between samples. We used norleucine as an internal standard for all analyses. The mean absolute differences between duplicate samples were 1.5% in barbs of P. adeliae, 3.3% in barbs of P. antarctica, and 2.2% in rachises of P. Papua. The maximum differences between individual amino acids within a sample were well below the acceptable limits (ca. 8%) of sampling error and analytical precision described by Williams (198 1) for the analytical methods that we used. The amino acid analyses accounted for an average of 94% of the dry mass of the penguin barbs and rachises, ranging from 91% to 95% in the six samples (Tables 3, 4 The amino acid profiles ofboth rachises (Table  3) and barbs (Table 4) much larger variety of species that amino acid profiles differed more between parts within species than among homologous parts across species.
TAXONOMIC COMPARISONS OF THE AMINO ACID COMPOSITION OF FEATHER PARTS
The amino acid profiles of penguin feather parts are remarkably similar to those of other species of birds representing six different orders and varied lifestyles ( Fig. 2 ; see also Brush and Wyld 1982). This similarity illustrates the genetically conservative status of the feather keratins. Two notable differences in the amino-acid profiles among these species are: (1) penguin feather parts tend to contain slightly more of the branchedchain amino acids, particularly leucine, than in the other species; and (2) White-crowned Sparrow feather barbs, but not rachises, contain substantially more cystine/2 than barbs of any of the other species in Figure 2 . Because of this higher concentration of cystineI2 in barbs, a large shift in the apportionment of feather mass from barb to rachis in White-crowned Sparrows would result in a considerable decrease in the cystine requirement for feather synthesis (the cystine/2 content of rachis is only 60% that of barbs in this species). This effect is not nearly as great in the penguins, but some incidental saving of cystine/2 does result from the predominance of the rachis in the morphology of penguin feathers. The rathis of penguin feathers contains 10% less cystine/2 than the barbs. The difference in cystine/2 content of barbs and rachis of the other species described is less than in the Whitecrowned Sparrow or in the penguins. However, in the Emu, in spite of the relatively low cystine/ 2 contents of its feathers, the difference in cystine/2 contents between calamus and barbs is nearly 30% (calamus less than barbs).
COMPARISON OF FEATHER COMPOSITION AND TISSUE PROTEIN COMPOSITION
The foregoing analysis suggests that pygoscelid penguins are subject to the same mismatch of amino acids between feathers and other tissue proteins as occurs in other birds (Fig. 3) Penguins apparently circumvent some of the metabolic inefficiencies attending plumage synthesis during the molt fast by synthesizing as much as one-third of the plumage before coming ashore, presumably while still feeding at sea, and before beginning to shed the old plumage (Lowe 1933, Brown 1986). Later, during the molt fast, the use of supplemental cysteine stored previously in a donor compound such as glutathione (Murphy and King 1985, in press ) is a mechanism by which penguins could nearly double the The foregoing analysis concerns the first limiting amino acid in plumage synthesis. A similar efficiency with which they use tissue protein in feather synthesis. We believe that this possibility merits further investigation.
